Two-dimensional metal oxide nanosheets are versatile materials for constructing artificial photosynthetic systems that can carry out photocatalytic processes such as water splitting and CO 2 fixation. Nanosheets are anisotropic single-crystals that have thicknesses of 12 nm and lateral dimensions ranging from several hundreds of nanometers to a few micrometers. This structural feature is advantageous for use as heterogeneous photocatalysts, because the diffusion length of photogenerated electron/hole pairs to the surface can be shortened, with less probability of electron/hole recombination. In this Account, recent progress on the development of metal oxide nanosheets and related materials for applications in photocatalytic water splitting and CO 2 fixation made by the authors' groups is described.
1. Introduction 1.1 Research Background. In recent years, the development of semiconductor photocatalysts that can convert solar energy into stored chemical energy has attracted considerable attention due to the increasing demand for renewable energy.
conduction band after absorbing light of energy greater than the band gap. The resulting holes in the valence band and electrons in the conduction band can cause oxidation and reduction reactions, respectively. Taking the overall water splitting reaction as an example (Figure 1 ), the conduction band minimum has to be located at a more negative potential than the water reduction potential so as to drive proton reduction to form H 2 . On the other hand, the valence band maximum should lie at a position more positive than the water oxidation potential.
In addition to the thermodynamic requirements to split pure water into H 2 and O 2 , electron/hole recombination needs to be minimized in order to maximize the quantum yield of surface chemical reactions. To do this, nanoparticulate cocatalysts (typically noble metals or metal oxides) are loaded onto the semiconductor surface to construct active sites (in most cases, for water reduction) and reduce the activation energy for the reaction.
Increasing the crystallinity and surface area is another important point for enhancing the photocatalytic activity of a semiconductor. High crystallinity reduces structural defects and/or vacancies, which can act as recombination sites for electrons and holes, in a semiconductor. Larger surface area gives a greater number of reaction sites, thereby promoting surface redox reactions. However, it is difficult for an ordinary "bulk-type" photocatalyst to satisfy both high crystallinity and high surface area. In general, high temperature is required to synthesize a highly crystallized photocatalyst, while specific surface area becomes smaller by crystal growth that occurs at higher temperatures. On the other hand, although a low calcination temperature should increase the specific surface area, it also generally leads to lower crystallinity.
1.2 Key Features of Nanosheets as Photocatalysts. Certain layered metal oxides undergo exfoliation by reaction with a bulky organic base such as tetra(n-butyl)ammonium hydroxide (TBA + OH ¹ ), producing unilamellar single crystalline colloidal sheets having a thickness of 12 nm, which are called "nanosheets".
1214 Metal oxide nanosheets have been studied as functional materials including photocatalysts, solidacid catalysts, phosphors, catalyst supports, and so on. 4, 1519 As shown in Figure 2 , metal oxide nanosheets have several features that are advantageous for photocatalytic applications, compared with analogous three dimensionally bonded materials. First, both high crystallinity and large surface area can be realized, as nanosheets are typically single-crystalline and have an extremely high surface-area-to-volume ratio. Second, the nanoscale thickness is beneficial for migration of photogenerated charge carriers to the surface, which reduces the possibility of electron/hole recombination, leading to higher activity. Besides, nanosheets can be used as building blocks to construct multicomponent photosystems that incorporate electron donors/acceptors, nanoparticle catalysts, or organic molecules such as dye-sensitizers, 4, 17, 18, 2024 because of their high surface area and the wide variety of compositions available.
1.3 Synthesis of Metal Oxide Nanosheets. Figure 3 shows a typical procedure for the synthesis of metal oxide nanosheets, taking the Dion-Jacobson type layer perovskite HCa 2 Nb 3 O 10 as an example. First, an ion-exchangeable layered metal oxide (here KCa 2 Nb 3 O 10 ), which was first synthesized by an appropriate method such as a solid-state reaction (SSR) or the polymerized complex (PC) method, is dispersed in acidic aqueous solution to replace exchangeable cations in the interlayer galleries of the parent layered solid with H + . The protonated layered metal oxide, HCa 2 Nb 3 O 10 , is then reacted with TBA + OH ¹ , and the bulky TBA + cation is intercalated and exfoliates the layer, ultimately yielding a suspension of unilamellar nanosheets. The exfoliated TBA x H 1¹x Ca 2 Nb 3 O 10 (x μ 0.25) nanosheets, hereafter denoted as "Ca 2 Nb 3 O 10 ¹ " can be restacked upon addition of acid, base or salt into the suspension. The aggregated nanosheets are usually used for photocatalytic applications, as they are in an easy-to-handle form. Through the exfoliation-restacking process, the ordered lamellar structure of the parent solid is completely lost, producing highly disordered aggregates with high specific surface area. 1.4 Scope of this Account. Domen et al. pioneered layered metal oxides as efficient photocatalysts for overall water splitting in the 1980s. 25, 26 This discovery triggered research on various layered metal oxides as photocatalysts. 3, 6 In the early 2000s, restacked Ca 2 Nb 3 O 10 ¹ nanosheets were reported as new photocatalysts for H 2 evolution from a water-methanol mixture, which could work more efficiently than the host layered solid. 20 ¹ nanosheets showed much higher activity for H 2 evolution than their unexfoliated layered counterparts. 32 Following these early studies, titanate, titanoniobate and tungstate nanosheets were reported as well. 33, 34 The general conclusion of these works is that "nanosheet is better than bulk", in line with the expectations implied in Figure 2 . However, the photocatalytic properties of metal oxide nanosheets (e.g., in terms of size effects, compositional effects, and so on) had not been investigated in detail, in contrast to bulktype metal oxides that had been extensively studied. It should be also noted that most metal oxide nanosheets are responsive only to UV light (<400 nm), because of their large band gaps. To realize the efficient solar energy conversion that is the ultimate goal of the artificial photosynthesis community, it is necessary to develop a visible-light-responsive nanosheet material.
In this Account, the development of metal oxide nanosheetbased photocatalysts for water splitting is described, focusing on recent studies made by the authors' groups over the past 10 years. First, the photocatalytic properties of nanosheets are discussed with regard to their physicochemical properties (e.g., lateral size and composition) using the half reactions of H 2 and O 2 evolution, which are conventionally used as test reactions for overall water splitting. 2, 3, 6 Then the key to achieving overall water splitting is discussed, with a focus on restacked KCa 2 Nb 3 O 10 nanosheets. In the second half of this Account, visible-light-responsive photocatalytic systems using metal oxide nanosheets and related materials for not only water splitting but also for CO 2 fixation are presented. ¹ ) sheets that stack along the b axis to form a two-dimensional layered structure, in which K + cations are located between the triple perovskite layers (Figure 4 ). In Ca 2 Nb 3 O 10 ¹ sheets, niobium (B site) is surrounded by six oxygen atoms to form octahedral units, while Ca occupies the A sites of the perovskite slabs. In this section, studies of nanosheet photocatalysts based on KCa 2 Nb 3 O 10 are described.
Oxide Nanosheets as UV-Driven Photocatalysts

Effect of Nanosheet Size:
It is known that in heterogeneous photocatalysis, the particle size of bulk type photocatalysts (e.g., TiO 2 ) has a significant impact on the photocatalytic activity. 3, 6 The size effect of nanosheets was first examined using HCa 2 Nb 3 O 10 , which was prepared by protonexchange of KCa 2 Nb 3 O 10 . 35 The layered KCa 2 Nb 3 O 10 was synthesized by the PC method. 36 As shown in Figure 4 , this method consists of two essential steps: (1) incorporation of metal cations into a polymer resin with molecular-level dispersion and (2) subsequent calcination to remove the polymer and to produce a crystalline metal oxide. The lateral size of the nanosheets could be controlled by simply changing the final calcination temperature in the PC synthesis of the host KCa 2 Nb 3 O 10 , although precise size control to realize narrow size distributions was difficult. Figure 5A , and higher calcination temperature in the synthesis led to lower specific surface area. The band gaps of the as-synthesized restacked nanosheets were estimated to be ca. 3.5 eV, from the onset wavelength of UV-visible diffuse reflectance spectra (DRS).
Using restacked HCa 2 Nb 3 O 10 nanosheets, photocatalytic H 2 evolution activity was investigated under UV irradiation ( > 300 nm), where the restacked HCa 2 Nb 3 O 10 nanosheets underwent photoexcitation. Prior to the reaction, Pt nanoparticles were deposited on the external surface of the restacked nanosheets as cocatalysts for H 2 evolution, and methanol was employed as a sacrificial electron donor. The rate of H 2 evolution on Pt-loaded restacked HCa 2 Nb 3 O 10 nanosheets increased with increasing calcination temperature, reaching a maximum at 1273 K and then decreasing ( Figure 5B ). This behavior can be explained in terms of the crystallinity and specific surface area. The photogenerated electron/hole pairs in the restacked HCa 2 Nb 3 O 10 nanosheets have to migrate in the twodimensional Ca 2 Nb 3 O 10 ¹ sheets without recombination to the surface, reducing and oxidizing proton and methanol, respectively. In general, metal oxide photocatalysts having lower crystallinity, which are typically synthesized by lower temperature calcination, show lower photocatalytic activity, because such oxides contain structural imperfections and/or crystal defects to a large extent. 6 The enhanced activity observed from 1173 to 1273 K can be therefore explained in terms of the improved crystallinity of the HCa 2 Nb 3 O 10 nanosheets. On the other hand, lower specific surface area materials provide a smaller number of reaction sites, which are disadvantageous for surface redox reactions. As mentioned earlier, the specific surface area of the restacked HCa 2 Nb 3 O 10 nanosheets decreased with an increase in calcination temperature. The decrease in activity observed at 1373 and 1473 K is most likely a result of the loss of specific surface area, despite higher crystallinity of the nanosheets.
This work also showed that the PC method could give more active photocatalysts with restacked HCa 2 Nb 3 O 10 nanosheets than the SSR method, even though the specific surface areas of the two were almost the same. 35 The improved activity of the PC sample is presumably due to lower density of structural imperfections and/or defects in the material. It has been proposed that SSR can cause localized segregation of constituent elements in the final product, generating structural defects during the synthesis. 36 Such structural defects would contribute directly to a decrease in photocatalytic activity, because they act as recombination centers for photogenerated electrons and holes, which has been demonstrated by transient absorption spectroscopy. 37, 38 On the other hand, such localized segregation of elements is not likely to occur in the PC method, as the constituent metals are atomically dispersed already in the precursor state. Thus, the less defective nature of the PC sample may lead to its higher activity. 3, 6 Thus, the B site cation has a strong impact on the formation of conduction band of perovskite oxide nanosheets. Although the A site cation does not directly contribute to the conduction band, it controls the distortion of O-B-O and B-O-B bonding angles, which also affects the conduction band edge potential (E CB ). The electronic band structure directly affects the light absorption properties, which also influence photocatalytic activity.
The composition of metal oxide nanosheets was optimized, aiming at maximizing their photocatalytic activity. 39 Dion-Jacobson type layered oxides of KCa 2¹x Sr x Nb 3¹y Ta y O 10 (0¯x¯2, 0¯y¯1.5) were successfully synthesized by the PC method. Subsequent proton exchange and exfoliation with TBA + OH ¹ resulted in Ca 2¹x Sr x Nb 3¹y Ta y O 10 ¹ nanosheets with lateral dimensions of approximately 500 nm, regardless of the compositional parameters x and y, as indicated by TEM observations. Structural analyses for the restacked HCa 2¹x Sr xNb 3¹y Ta y O 10 nanosheets by means of X-ray diffraction (XRD), Raman spectroscopy, and energy dispersive X-ray spectroscopy (EDS) confirmed the synthesis of a single-phase Dion-Jacobson perovskite with the target composition.
As expected, the substitution of A and B site cations in HCa 2 Nb 3 O 10 altered the light absorption properties of the material. Figure 6 shows UV-visible DRS for the restacked HCa 2¹x Sr x Nb 3¹y Ta y O 10 nanosheets. The absorption edge shifted to longer wavelengths with increasing Sr content. The estimated band-gap energy decreased from 3.59 (for x = 0) to 3.40 eV (for x = 2). There are several factors that influence the band-gap energy of a layered perovskite consisting of NbO 6 octahedral units. For example, the distortion of NbO 6 units away from octahedral symmetry, the tilting of octahedra relative to each other, the thickness of the perovskite blocks, and the electronegativity of elements on the octahedral and 12-coordinate sites are major contributors. 40 In the present case, the distortion of NbO 6 units in the perovskite layers appears to be the main factor determining the band-gap energies. Because Sr 2+ is located at the A site and has a larger ionic radius (1.58 ¡) than Ca 2+ (1.48 ¡), the overlap of the Nb-4d orbital should be greater in the Sr-derivatives than in the Ca counterparts, relaxing the distortion of the NbO 6 octahedral units. The larger overlap of Nb-4d orbitals lowers the conductionband energy (i.e., a positive shift in energy). On the other hand, increasing the Ta content led to a blue-shift of the absorption edge. The band gap energy is estimated from the absorption edge to be 3.80 eV for y = 1.5. The E CB of Ta 5+ -based oxides is located at more negative potentials than those of their Nb 5+ analogues, because of the higher potential energy of Ta-5d orbitals relative to Nb-4d. 3, 6 The observed blue-shift should therefore originate from the negative shift of E CB , which is supported by the recent work by Xu et al., who conducted electrochemical impedance spectroscopy for Ca 2¹x Sr x Nb 3¹y -Ta y O 10 ¹ nanosheets to determine the flat-band potential (i.e., conduction band minimum). 41 These results clearly demonstrate that perovskite nanosheets with controlled light absorption properties can be obtained by changing the composition. The E CB values of the restacked HCa 2¹x Sr x Nb 3¹y Ta y O 10 nanosheets are summarized in Table 1 .
Thus, the E CB of three-layer perovskite nanosheet can be precisely tuned by altering its composition. Next, substitution effects of the A/B sites in Ca 2 Nb 3 O 10 ¹ nanosheets on H 2 evolution performance were examined. Table 1 also lists the apparent quantum yields (AQYs) of H 2 evolution on Pt-loaded nanosheet materials with different compositions. All of the tested samples showed very high AQYs, ranging from 4080% at 300 nm. The AQY tends to decrease with increasing Sr content, presumably due to the positive shift of the conduction band edge that decreases the driving force of conduction-band electrons for driving proton reduction. On the other hand, increasing the Ta content in HCa 2 Nb 3¹y Ta y O 10 increased the activity up to y = 1, beyond which it decreased slightly. The negative shift of E CB in HCa 2 Nb 3¹y Ta y O 10 with increasing Ta content is favorable for proton reduction to proceed. However, this gain is offset by inferior light-harvesting ( Figure 6 ), which results in less efficient H 2 evolution. The best-performing material, HCa 2 Nb 2 TaO 10 , produced H 2 without noticeable degradation, recording a maximum AQY of 80% at 300 nm. To the best of our knowledge, the approximately 80% AQY achieved by HCa 2 Nb 2 TaO 10 nanosheets is the highest among nanosheet-based photocatalysts reported so far, and even higher than the value recorded with the benchmark Pt/P25 TiO 2 photocatalyst (63%). The precise control of E CB that maximizes the reactivity of the conduction-band electrons is responsible for the high photocatalytic activity of HCa 2 Nb 2 TaO 10 . The 1.5 nm thickness and the high surface area of the perovskite oxide nanosheets are also both beneficial in terms of rapid migration of the photogenerated electrons and holes to the surface.
Another interesting comparison is the number of perovskite layers in metal oxide nanosheets. HLaNb 2 O 7 is a DionJacobson-type layered perovskite oxide that has double perovskite blocks. Although the conduction band minimum and other physicochemical properties of restacked HLaNb 2 O 7 nanosheets are almost identical to those of HSr 2 Nb 3 O 10 (tripleperovskite), the photocatalytic H 2 evolution activity of the former is much lower than that of the latter, as shown in Figure 7 . 42 The considerable difference in activity between double-and triple-perovskites was also observed in layered RbLaTa 2 O 7 (double-perovskite) and RbCa 2 Ta 3 O 10 (tripleperovskite), as reported by Machida et al. 43 Their theoretical studies suggested that the reactivity of holes in the O-2p valence band with intercalated molecules varied with respect to the number of perovskite layers, and that the terminal oxygen atoms facing the interlayer galleries in the triple perovskite made a strong contribution to the formation of the valence band maximum, whereas those in the double perovskite did not. As a result, the triple perovskite exhibited a higher reactivity than the double-layer analog.
Effect of Interlayer Cations:
Interlayer cations in the perovskite nanosheets are another compositional parameter that can affect the physicochemical properties of the restacked form of the nanosheets. It was possible to change the interlayer cations of restacked Ca 2 Nb 2 TaO 10 ¹ nanosheets by simply applying various acids, bases, and salts that contain different cations. 44 This method produced restacked nanosheet materials having different morphological features and different degrees of interlayer hydration. However, the interlayer cations had little effect on the light absorption properties of the restacked Ca 2 Nb 2 TaO 10 ¹ nanosheets. This is as expected because photoexcitation from the valence band that consists of O-2p orbitals to the conduction band formed by the empty Nb-4d and Ta-5d orbitals occurs in the two-dimensional nanosheet, independent of the interlayer cation.
The restacked Ca 2 Nb 2 TaO 10 ¹ nanosheets with various interlayer cations were tested as photocatalysts for H 2 evolution from aqueous methanol solution. The highest activity was obtained for the one restacked with HCl, as shown in Figure 8 . Results of structural analyses and photocatalytic reactions suggested that the high activity resulted from interlayer protonation, which is favorable for the oxidation reaction.
Oxygen Evolution Activity. 2.2.1 ExfoliationInduced Water Oxidation Activity:
Metal oxide semiconductors are generally good photocatalysts for water oxidation due to the very positive valence band potential, which results in a large driving force for water oxidation. 3, 6 Early studies focusing on water oxidation over metal oxides such as rutile TiO 2 have shown that high crystallinity of the semiconductor is prerequisite for efficient water oxidation. 10 In this regard, metal oxide nanosheets are advantageous as water oxidation photocatalysts because of their single-crystalline texture and high surface area.
Photocatalytic water oxidation to produce O 2 was first performed using restacked KCa 2 Nb 3 O 10 nanosheets in the presence of IO 3 ¹ as a reversible electron acceptor. 45 The Gibbs free energy change of the overall reaction is positive, making this a so-called nonsacrificial, artificial photosynthetic type reaction. While layered KCa 2 Nb 3 O 10 exhibited no activity, O 2 evolution was clearly observable using restacked KCa 2 Nb 3 O 10 nanosheets under the same reaction conditions ( Figure 9 ). Ionchromatography analysis indicated that the amount of I ¹ in the liquid phase, which was produced as a result of reduction of IO 3 ¹ , corresponded to two thirds of the O 2 production, consistent with the amount expected from the stoichiometry. No reaction took place without NaIO 3 .
The induced activity of water oxidation may seem to result from an enlarged surface area of restacked nanosheets, but could not be explained simply by the specific activity (vs. surface area). This suggests that the exfoliation and restacking process itself is important for inducing the nonsacrificial water photooxidation activity of KCa 2 Nb 3 O 10 . The exfoliationrestacking process produces disordered nanosheet aggregates as described earlier (see Figure 3) , which may be advantageous for incorporating the reactant molecules (i.e., water) inside the nanospace formed between nanosheets, leading to high activity. The importance of intercalation of H 2 O into the interlayer galleries to improve photocatalytic water oxidation activity was demonstrated using a RuddlesdenPopper phase layered perovskite, K 2 CaNaNb 3 O 10 . 46 Because the absorption edge of restacked KCa 2 Nb 3 O 10 was blue-shifted relative to the layered one due to quantum size effects caused by the nanosized thickness of the nanosheet, the resulting larger band gap of the restacked nanosheets may be another factor that positively affected the water oxidation activity.
Effect of Cocatalyst Loading:
Because the nonsacrificial oxidation of water using IO 3 ¹ as an electron acceptor involves the 6-electron reduction of IO 3 ¹ and 4-electron oxidation of water, it is expected that introduction of a suitable cocatalyst onto the semiconductor photocatalyst will improve the activity. For restacked KCa 2 Nb 3 O 10 nanosheets, loading 0.1 wt % ruthenium oxide (RuO x ) dramatically promoted the O 2 evolution rate, with an AQY of 3.6 « 0.1% at 300 nm. 45 Although RuO x loading was also effective for enhancing water oxidation by layered KCa 2 Nb 3 O 10 , the promotional effect was much greater for restacked KCa 2 Nb 3 O 10 than for the bulk layered photocatalyst. This result further supports the idea that the exfoliationrestacking process is essential to inducing the water oxidation activity of KCa 2 Nb 3 O 10 .
Not only RuO x but also other metal oxides were tested as promoters for the water oxidation reaction. 47 Oxides of rhodium and iridium gave higher O 2 evolution rates, compared to unloaded materials. Among the metal oxides tested, RuO x yielded the highest activity ( Figure 10 ). On the other hand, a well-known metal oxide cocatalyst for water oxidation, CoO x , decreased the activity. Previous studies have shown that ruthenium oxide promoted the reduction of IO 3 ¹ , 48 and that iridium and rhodium oxides could serve as reduction sites for protons. 6, 9 Thus, one can conclude that the O 2 evolution activity of restacked KCa 2 Nb 3 O 10 nanosheets is enhanced when a reduction cocatalyst is deposited. As mentioned earlier, the reduction of IO 3 ¹ involves a 6-electron process that could be a kinetic bottleneck in the absence of a catalyst. Abe et al. have reported that the overpotentials for electrochemical reduction of IO 3 ¹ on rhodium oxide and iridium oxide are lower than that observed using cobalt oxide, and ruthenium oxide showed the lowest overpotential. 49 These results indicate that the reduction of IO 3 ¹ is the rate-determining step in the water oxidation reaction. Acceleration of the reduction of IO 3 ¹ should therefore lead to enhanced water oxidation activity.
Effect of Physicochemical Properties:
Physicochemical properties of nanosheets (e.g. size, composition, and so on) were shown to have a strong influence on the photocatalytic H 2 evolution activity, as discussed earlier. Next, structural effects of KCa 2¹x Sr x Nb 3 O 10 nanosheets on O 2 evolution were investigated with the aid of the RuO x cocatalyst. In contrast to H 2 evolution that was influenced by the lateral size of nanosheets [i.e., the second calcination temperature in the PC synthesis (here 11231423 K) of the host KCa 2 Nb 3 O 10 ], no noticeable correlation between the lateral size (as well as specific surface area) and O 2 evolution activity of restacked KCa 2 Nb 3 O 10 nanosheets was observed. 47 The O 2 evolution activity was also insensitive to the preparation method; both PC and SSR methods gave almost the same activity. These results indicate that structural properties of the nanosheets (such as crystallinity and defect density) have little impact on the photocatalytic activity for water oxidation to form O 2 . One plausible explanation for the structure-insensitive activity of restacked KCa 2 Nb 3 O 10 nanosheets is that the reduction of IO 3 ¹ is still simply the rate-determining step in the reaction, as discussed above.
On the other hand, the O 2 evolution activity increased moderately with increasing Sr concentration in restacked KCa 2¹x Sr x Nb 3 O 10 nanosheets having identical surface area (³30 m 2 g
¹1
).
Here the E CB potentials of the restacked KCa 2¹x -Sr x Nb 3 O 10 nanosheets are positively shifted with an increase in the Sr content, as discussed earlier. This positive shift of E CB is disadvantageous with regard to the reduction of IO 3 ¹ (+1.08 V vs. NHE at pH = 0) in terms of the driving force for the reaction. However, the trend observed in the photocatalytic activities was opposite. Because the driving force for IO 3 ¹ reduction is sufficiently large compared to the differences in the conduction band energies of these materials (0.10.3 V), the differences in E CB appear to have little impact on the activity for water oxidation. Another possible factor affecting activity is the light absorption properties of the restacked nanosheets. That is, the KSr 2 Nb 3 O 10 nanosheets that possess the smallest band gap among the tested materials are able to absorb the incident photon flux more efficiently and thus to generate a greater number of photoexcited charge carriers. The more efficient utilization of incident photons will lead to an increase in the number of photogenerated charge carriers, which might facilitate electron transfer from the nanosheets to the RuO x , resulting in higher activity. ¹ nanosheets claimed that modification of the interlayer nanospace of the restacked material with a RuO x cocatalyst was essential to achieving overall water splitting. 21 Therefore, effective modification of the interlayer space with a suitable cocatalyst appears to be the key to achieve the reaction. Besides Ebina's work, Mallouk, nanosheets exhibited excellent performance for H 2 evolution from aqueous methanol, an appropriate method of interlayer modification to achieve overall water splitting had not been developed until recently.
A new interlayer modification method, which utilizes electrostatic interaction between the negatively charged Ca 2 -Nb 3 O 10 ¹ nanosheets and a cationic precursor of the cocatalyst, was developed.
53 Figure 11A illustrates the preparation procedure. First, an aqueous solution containing a dissolved cationic Pt complex (e.g., [Pt(NH 3 ) 4 ]Cl 2 ¢H 2 O) was added to the TBA + -stabilized Ca 2 Nb 3 O 10 ¹ nanosheet suspension, followed by stirring for 24 h to allow the metal precursor ions to adsorb onto the surface of the nanosheets. Then, KOH was added to precipitate the colloidal nanosheets, followed by drying in an oven overnight and heating under a H 2 stream to reduce the cationic Pt species. In this Account, this method is referred to as the adsorption method.
Physicochemical analyses for the as-prepared material showed that Pt nanoclusters smaller than 1 nm in size were intercalated into the interlayer nanospace of restacked KCa 2 -Nb 3 O 10 nanosheets (Figure 11B ), although there were some Pt nanoparticles deposited on the external surface of the material. On the other hand, the interlayer modification of Pt was unsuccessful when an anionic Pt precursor such as H 2 O as a precursor, followed by thermal H 2 reduction under the same conditions. In this case, Pt was deposited exclusively on the external surface, not in the interlayers, with an average particle size of 1.8 nm ( Figure 11B ), which is obviously larger than that obtained by the adsorption method. The successful deposition of smaller Pt particles by the adsorption method is likely to originate from steric hindrance of the interlayer nanospace, in which the Pt species sandwiched by Ca 2 Nb 3 O 10 ¹ nanosheets in the adsorption samples is less susceptible to aggregation upon thermal treatment. It is also noted that the intercalated Pt nanoclusters strongly interact with the nanosheet surface, as indicated by X-ray photoelectron spectroscopy, similar to the Rh 2 O 3 -intercalated HCa 2 Nb 3 O 10 nanosheet system. 23 This is favorable for the charge transfer process between the semiconductor photocatalyst and cocatalyst, as the efficiency of photocatalytic reactions can be improved with intimate contact between the semiconductor and the cocatalyst. This adsorption method utilizing simple electrostatic interactions between the anionic nanosheets and cationic precursors is applicable to various metal species. For example, intercalation of highly dispersed Pd, Rh and Ru into the interlayer galleries of restacked KCa 2 Nb 3 O 10 nanosheets was possible to effect in a similar manner.
The overall water splitting reaction was performed using the as-prepared Pt/KCa 2 Nb 3 O 10 nanosheets under UV irradiation ( > 300 nm). To minimize the negative impact of H 2 /O 2 recombination that occurs on Pt, a small amount of NaI was added to the reactant solution. 54 While unmodified restacked KCa 2 Nb 3 O 10 nanosheets produced only a small amount of H 2 , Pt/KCa 2 Nb 3 O 10 restacked nanosheets prepared by both adsorption and impregnation methods produced H 2 and O 2 simultaneously. The rates of H 2 and O 2 evolution by the adsorption sample were faster than those of the impregnation sample (Figure 12 ), most likely because of the smaller size of the Pt deposits. The activity of the adsorption sample was substantially higher than that of the RuO x -deposited one, which was prepared according to the method of Ebina et al. 21 To our knowledge, the water splitting activity of the adsorption sample is the highest among nanosheet-based photocatalysts ever reported. In addition to the higher performance, the Ptintercalated KCa 2 Nb 3 O 10 nanosheets were stable over 30 h of reaction, producing H 2 and O 2 continuously. The total amount of H 2 and O 2 evolved in 30 h of reaction (573¯mol) was much greater than that of the Pt/KCa 2 Nb 3 O 10 used (ca. 90¯mol), providing confirmation of the catalytic cycle of the reaction. The AQY of overall water splitting was estimated to be about 3% at 300 nm.
So far, the size effect of the cocatalyst on the photocatalytic water splitting performance has been investigated, with the use of precisely controlled metal nanoparticles. 5557 However, there are very few reports or such effects with sizes smaller than 1 nm because of the lack of an effective preparation method and a suitable photocatalyst. Therefore, the results of this work demonstrated the superior ability of metal nanoclusters with sizes smaller than 1 nm to promote photocatalytic water splitting reaction for the first time.
2.3.2 Effect of Physicochemical Characteristics of Pt/ KCa 2 Nb 3 O 10 Nanosheets on Activity: The Pt/KCa 2 Nb 3 O 10 system was further studied as a photocatalyst for overall water splitting, with respect to the physicochemical properties of the deposited Pt. 58 In the adsorption method ( Figure 11A ), the Pt precursor cation incorporated into the restacked KCa 2 Nb 3 O 10 nanosheets is subject to thermal H 2 treatment. In general, the H 2 -reduction temperature influences the physicochemical properties of the deposited metal, resulting in different properties as cocatalysts.
Deposition of Pt on restacked KCa 2 Nb 3 O 10 nanosheets was performed at different H 2 -reduction temperatures. At temperatures below 673 K, Pt nanoparticles smaller than 2 nm were observed, although the size distribution was somewhat different at each temperature. In particular, most of the Pt deposits were smaller than 1 nm when reduced at 473 K. Increasing the reduction temperature led to exclusion of the intercalated Pt nanoparticles from the interlayer nanospace to the external surface of the restacked KCa 2 Nb 3 O 10 nanosheets, due to the reconstruction of the original layered structure of KCa 2 Nb 3 O 10 , as revealed by XRD analysis. This also changed the oxidation state of the Pt species from the oxide to the metal, which is reasonable considering their greater exposure to the reducing atmosphere at high temperatures. The activity of Pt/KCa 2 -Nb 3 O 10 restacked nanosheets for overall water splitting was dependent on the feature size and the oxidation state of Pt. More importantly, the intercalated, electron-deficient Pt species realized at 473 K were advantageous in terms of suppressing undesirable backward reactions such as reduction of O 2 and/or H 2 /O 2 recombination. High temperature reduction was undesirable, because it caused generation of aggregated Pt 0 species, which worked poorly as promoters on the external surface of restacked KCa 2 Nb 3 O 10 nanosheets.
Dye-Sensitized H 2 Evolution under Visible Light
Activation of Wide-Gap Metal Oxides toward
Visible-Light Photocatalysis. For efficient solar energy conversion, it is necessary to utilize visible light, which occupies approximately half of the solar spectrum. As described above, metal oxide nanosheets work as good photocatalysts for H 2 /O 2 half reactions and overall water splitting. However, they work only under UV irradiation (<400 nm) because their band gaps are too wide to absorb visible light. The wide band gap of metal oxides originates from their band structure, where the valence band maximum is formed by O-2p orbitals. The position of the O-2p orbitals in metal oxides with d 0 -or d 10 -electronic configurations is located at ca. +3 V. 59 Therefore, if a metal oxide satisfies the thermodynamic potential for overall water splitting, the band gap of the oxide should inevitably exceed 3 eV, which limits the utilization of visible light.
One of the strategies for activating a wide-gap metal oxide toward visible-light photocatalysis is to modify it with a redox photosensitizer (or dye molecules) that can absorb visible light.
6062 Figure 13 illustrates the basic principle of a sensitized metal oxide for H 2 evolution, which is essentially the same as in dye-sensitized solar cells. 63 Upon photoexcitation of a redox photosensitizer adsorbed on the metal oxide surface, electron injection occurs from the excited state of the sensitizer to the conduction band of the oxide (i.e., oxidative quenching of the sensitizer), producing the one-electron oxidized state , bpy = 2,2¤-bipyridine; abbreviated as Ru 2+ , see Figure 14 ] and its derivatives are representative redox photosensitizers for dye-sensitized H 2 evolution. 61, 62 For efficient electron injection, photosensitizers need to be anchored to the metal oxide surface. In the case of Ru(II) trisdiimine complexes, the diimine ligands are typically functionalized with carboxylic acid or phosphonic acid groups. 62 While such chemical modification of redox photosensitizers is usually necessary, one may expect that unmodified, cationic Ru 2+ is immobilized on the metal oxide nanosheets through electrostatic attraction even without functionalization of the bpy ligand, because the surface of metal oxide nanosheets is intrinsically negatively-charged. It is also noted that the singlecrystalline texture of nanosheets and their high surface area may be advantageous over bulk-type oxide semiconductors such as TiO 2 .
On the basis of these ideas, scrolled niobate nanosheets (Nb 6 O 17 4¹ ), which can be readily prepared by exfoliation of proton-exchanged lamellar K 4 Nb 6 O 17 with TBA + OH ¹ , were investigated as the building block for sensitized H 2 evolution. 64 The Nb 6 O 17 4¹ sheets do not possess mirror symmetry, meaning that the individual sheet is asymmetric. Therefore, there is an intrinsic tension in the sheet, which leads to spontaneous scrolling in order to release the strain energy. 65 The exfoliated, scrolled Nb 6 O 17 4¹ sheets were reassembled by reaction with HCl. TEM images of the as-prepared material, represented as NS-H 4 Nb 6 O 17 (NS = nanoscroll), are shown in Figure 15A . Figure 15B , the H 2 evolution activity of the nanoscroll-based system was an order of magnitude higher than those of similarly sensitized P25 titania and the parent layered material. This significant difference in activity is due primarily to the superior ability of the nanoscroll to bind Ru 2+ , as mentioned earlier, which allows for electron injection from the excited-state of the sensitizer and subsequent H 2 evolution. Importantly, NS-H 4 Nb 6 O 17 gave much higher activity for sensitized H 2 evolution than the parent layered material, even though the same amount of Ru 2+ was adsorbed, clearly indicating superior functionality of niobate nanoscrolls as the building block for dye-sensitized H 2 evolution. The AQY for the nanoscroll-based system was approximately 5% at 450 « 20 nm. 66 The turnover number (TON) for H 2 evolution, which was calculated based on the molar amount of Ru 2+ employed, far exceeded 1, indicating that the reaction was catalytically cycled. A follow-up study also found that restacked HCa 2 Nb 3 O 10 nanosheets achieved a similar functionality for dye-sensitized H 2 evolution. 42 
Comparison of H 2 Evolution
Activity: Electrostatic vs. Chemical Anchoring. Thus, even without any chemical bond linkage between the sensitizer and the nanoscroll surface, an efficient sensitized H 2 evolution system could be constructed through the use of negatively-charged metal oxide nanoscrolls (or nanosheets). Nevertheless, it is intriguing to compare electrostatic vs. traditional chemical anchoring in the nanosheetbased dye-sensitized H 2 evolution system. Bae and Choi have examined the effects of anchoring groups on sensitized H 2 evolution using Ru(II) trisdiimine complexes and Pt/TiO 2 . Among the Ru(II)-based sensitizers they examined, Ru(bpy) 2 -(4,4¤-(PO 3 H 2 ) 2 bpy) 2+ (abbreviated as RuP
2+
, Figure 14 ) was found to be the most effective. 62 The strong binding of RuP
with the metal oxide surface would address the competition of EDTA and Ru 2+ for adsorption sites on the nanoscroll surface, which limits the AQY and TON.
Thus, H 2 evolution activities of Pt/NS-H 4 Nb 6 O 17 sensitized by Ru 2+ and RuP 2+ were compared. 67 As shown in Figure 16A , RuP 2+ functioned more efficiently than Ru 2+ , giving an AQY of ca. 25% at 450 « 20 nm and a TON of greater than 1500, which were roughly 3 times greater than those obtained with Ru 2+ . Ru(II) trisdiimine type complexes exhibit emission as a result of 1 MLCT photoexcitation, and the excited state is quenched in the presence of semiconductor particles if electron transfer from one side to the other occurs. 68, 69 Here the excited state oxidation potentials of Ru 2+ and RuP 2+ are both negative enough to inject electrons into the conduction band of NS-H 4 Nb 6 O 17 . Steady-state emission spectroscopy was thus employed to investigate the oxidative quenching of the 3 MLCT excited-state by NS-H 4 Nb 6 O 17 for Ru 2+ and RuP 2+ under the same conditions as photocatalytic reactions. In both cases, the emission intensity of the sensitizer decreased upon addition of NS-H 4 Nb 6 O 17 to the aqueous solution containing the sensitizer, as shown in Figure 16B . The observed drop in emission intensity arises from the oxidative quenching of the excited state sensitizer via electron injection into NS-H 4 -based system could thus account for its substantially faster H 2 evolution rate.
3.4 Effect of Excited-State Oxidation Potential of Ru(II) Photosensitizers. The HOMO/LUMO potentials of metal complex photosensitizers can be tuned by appropriate design of the complex. For example, the LUMO potential (as well as excited state oxidation potential, E ox *) of Ru(II) trisdiimine complexes can be controlled by introduction of an electron withdrawing or donating moiety into the diimine ligand. 70 This enables us to investigate the effect of the excited state oxidation potential on the efficiency of sensitized H 2 evolution. Thus, Ru(II) photosensitizers with different LUMO potentials, Ru-CH 3 , Ru-H, and Ru-CF 3 (see Figure 14 ), were applied to the H 2 evolution system using restacked HCa 2 Nb 3 O 10 nanosheets modified with Pt nanoparticles. 71 Figure 17A shows that Ru-CH 3 or Ru-H served as effective photosensitizers with Pt/ HCa 2 Nb 3 O 10 nanosheets to produce H 2 catalytically with visible light excitation, while Ru-CF 3 did not.
As demonstrated earlier, electron injection efficiency from the excited state of the photosensitizer to the conduction band of semiconductor has a strong influence on sensitized H 2 evolution. Here the relative electron injection efficiencies from the excited state of a Ru(II) photosensitizer to the niobate nanosheet were investigated using porous electrodes of Ca 2 Nb 3 O 10 ¹ nanosheet aggregates modified with a Ru(II) photosensitizer as photoanodes. Because the Ca 2 Nb 3 O 10 ¹ nanosheet is an ntype semiconductor, it serves as a photoanode material, 72 and it is possible to monitor the electron injection event by observing photocurrent flowing in the cell. In this case, only the adsorbed Ru(II) photosensitizers undergo photoexcitation with visible light, while the niobate nanosheet does not due to its large band gap. The result of photoelectrochemical measurements, which were conducted under intermittent visible light ( > 420 nm) in an aqueous Na 2 SO 4 solution (0.1 M) containing 10 mM EDTA, showed that electrodes modified with Ru-CH 3 or Ru-H generated anodic photocurrent upon visible illumination, while the Ru-CF 3 electrode did not even at more positive potentials ( Figure 17B ). The photocurrent observed indeed originates from electron injection from the excited-state Ru(II) photosensitizer molecules into the conduction band of the niobate nanosheet.
The oxidation potential of the 3 MLCT excited-state of the three Ru(II) complexes (E ox *) undergoes a positive shift in the order of Ru-CH 3 , Ru-H, and Ru-CF 3 (see Figure 17A ). This means that the electron injection efficiency decreases in the same order, and could explain the low H 2 evolution activity of the Ru-CF 3 system both in the photocatalytic reaction and the photoelectrochemical measurement. The E ox * value of Ru-CF 3 (E ox * = ¹0.67 V vs. Ag/AgNO 3 ) is much more positive than those of Ru-CH 3 and Ru-H (¹1.18 and ¹1.08 V, respectively). The E CB of HCa 2 Nb 3 O 10 nanosheets was estimated to be ¹1.13 V (vs. Ag/AgNO 3 ), which is more positive than or very close to the E ox * values of Ru-CH 3 and Ru-H, enabling electron injection from the 3 MLCT excited-state of these photosensitizers to restacked HCa 2 Nb 3 O 10 nanosheets and subsequent H 2 evolution.
3.5 Effect of Physicochemical Properties of Nanosheets. The results of photocatalytic and photoelectrochemical reactions using different Ru(II) sensitizers that have different E ox * values indicated that the electron injection efficiency is definitely an important factor in determining the performance of sensitized photocatalysts for H 2 evolution. Similarly, the electron injection efficiency can be controlled by changing the E CB of the semiconductor as well. Figure 18A . 71 Photoelectrochemical measurements indicated that the Caand Sr-substituted materials exhibited a similar level of photocurrent (³20¯A cm
¹2
) to each other, while substitution of Nb for Ta led to a significant drop in photocurrent ( Figure 18B ). Increasing the Sr content in HCa 2¹x Sr x Nb 3 O 10 nanosheets shifts the E CB value to more positive potential, while the E CB value of HCa 2 Nb 3¹y Ta y O 10 nanosheets shifts negatively with increasing Ta concentration (see Table 1 ), resulting in a reduced driving force for electron injection. Therefore, the decrease in activity with increasing Ta content in HCa 2 Nb 3¹y Ta y O 10 can be explained in terms of the reduced driving force for electron injection. We note, however, that the positively shifted E CB of Sr-rich HCa 2¹x Sr x Nb 3 O 10 had no positive impact on electron injection and the resulting H 2 evolution activity, compared to HCa 2 Nb 3 O 10 . The decrease in activity with Sr substitution is probably due to the reduced driving force for proton reduction, which results from the positive shift of E CB .
Another interesting result is that the dye-sensitized H 2 evolution activity was largely insensitive to the preparation conditions of the nanosheets (and their resulting crystallinity, specific surface area, and compositional homogeneity), as exemplified by the RuP 2+ HCa 2 Nb 3 O 10 system. 35 Results of steady-state emission spectroscopy indicated that the electron injection efficiency from the excited state RuP 2+ to the HCa 2 Nb 3 O 10 nanosheet remained almost unchanged with respect to the nature of HCa 2 Nb 3 O 10 . Therefore, the activity for sensitized H 2 production is primarily governed by the electron injection efficiency from the excited-state of the photosensitizer into the nanosheet. At the same time, a semiconductor material having E CB suitable for both electron injection from the excited-state sensitizer and the reduction of protons is needed for efficient visible-light H 2 evolution.
For sensitized O 2 evolution, modification of a wide-gap metal oxide (which may include metal oxide nanosheets) with Co(OH) 2 or Co 3 O 4 nanoparticles has recently been shown to be effective. 7376 It is believed that the cobalt-modified semiconductors work by photoexcitation of electrons from the loaded cobalt species into the conduction band of the semiconductor, followed by catalytic oxidation of water that is promoted by electron-deficient cobalt species, as shown in Figure 19 . However, a detailed investigation of metal oxide nanosheets as the component of the cobalt-sensitized O 2 evolution system has not been done yet, and will be performed as part of future work in our group.
Oxynitrides
Origin of Visible-Light-Absorption of Oxynitrides.
Besides dye-sensitization, valence band engineering of a metal oxide is another established means to make a visible-lightresponsive photocatalyst. For this purpose, mixed anion compounds that contain more than two different anions are key materials. 77 For example, because the N-2p orbital has a higher potential energy than O-2p, metal oxynitrides and nitrides are good candidates as narrow-gap photocatalysts. 2, 9, 78 Figure 20 shows the schematic band structures of a metal oxide (NaTaO 3 ) and oxynitride (BaTaO 2 N), both of which have the same perovskite structure. The valence band maximum for NaTaO 3 consists of O-2p orbitals, while the hybridized N-2p and O-2p orbitals are the main contributors to form the upper part of the valence band of BaTaO 2 N, as revealed by density functional theory calculations. The valence band maximum for the oxynitride is located at higher potential energy than that of the corresponding oxide due to the contribution of N-2p orbitals, making the band gap sufficiently small to respond to visible light (<3 eV) with no significant influence on the conduction band minimum. 2 In contrast to metal oxide systems shown earlier, oxynitride nanosheets are very rare. The main reason is the lack of layered oxynitrides that can undergo exfoliation. Alternatively, nitrogen-doped layered metal oxides have been reported. 7991 Some of them can transform into nanosheets, which exhibit visiblelight photocatalytic activities. 8487 In the following sections, recent progress on oxynitride-type materials (including nitrogen-doped metal oxides) developed by the authors' group is described, focusing on nanosheets and related materials. , which limits the nitrogen concentration in the doped metal oxide host to low levels. This is obviously unfavorable for visible-light absorption. 92, 93 Nitridation of a metal oxide is typically performed by heating the oxide under a flow of NH 3 gas at temperatures higher than 773 K. 94, 95 Nitridation at higher temperatures increases the reactivity of NH 3 with the oxide, producing an oxynitride that contains more nitrogen. At the same time, however, high-temperature nitridation inevitably causes the formation of thermally stable byproduct phases and/ or reduced metal species, which are generally unfavorable for heterogeneous photocatalysis. 9 It is therefore generally difficult to obtain a nitrogen-doped metal oxide that possesses sufficient visible-light absorption. Transient absorption spectroscopy also revealed that the charge imbalance in a nitrogen-doped metal oxide can lead to the formation of oxygen vacancies, which produce trap states of photogenerated charge carriers, resulting in lower photocatalytic activity. 96, 97 An effective route to synthesize nitrogen-doped metal oxides using KTiNbO 5 was developed. 98 As shown in Figure 21A , KTiNbO 5 consists of TiNbO 5 ¹ polyanion sheets interleaved with K + cations for charge compensation, 99 with controllable Ti/Nb ratios (to a certain extent) that can form nonstoichiometric phases while maintaining the original crystal structure of the compound. 100 The use of a Nb-rich phase as the oxide precursor led to improved nitrogen-doping; that is, the nitrided material obtained from the Nb-rich precursor shows more pronounced visible light absorption than that derived from a stoichiometric precursor ( Figure 21B ). This improved nitrogen doping is most likely due to the excess positive charge of the Nb-rich precursor, which compensates the negative charge resulting from O 2¹ /N 3¹ exchange during thermal ammonolysis with NH 3 gas.
KTiNbO 5 can be exfoliated into nanoscale sheets, 101 which appears to be advantageous as an oxide precursor for nitridation, because a high surface area nanosheet material provides a better interface for NH 3 gas to access during nitridation. Actually, more effective nitrogen doping was realized using reassembled KTiNbO 5 nanosheets as precursors ( Figure 21B ). The more pronounced visible-light absorption of the nanosheet material resulted in enhanced photocatalytic activity for water oxidation under visible light. Figure 22A) . 105 Scanning transmission electron microscopy (STEM) observations indicated high crystallinity of the synthesized Li 2 LaTa 2 O 6 N ( Figure 22B ), which should be advantageous as a photocatalyst. In contrast to the oxide precursor that absorbs only UV light, Li 2 LaTa 2 O 6 N is capable of absorbing visible light at wavelengths up to 500 nm, with an estimated band gap of ca. 2.5 eV ( Figure 22C ).
The photocatalytic activity of Li 2 LaTa 2 O 6 N was examined with respect to CO 2 reduction using a Ru(II) binuclear complex (RuRu¤) in the presence of TEOA as an electron donor. The hybrid system, RuRu¤/Li 2 LaTa 2 O 6 N, catalytically produced formate as the main product with high selectivity (97%) upon visible light irradiation ( > 400 nm) according to step-wise photoexcitation of RuRu¤ and Li 2 LaTa 2 O 6 N, as previously reported for several bulk type semiconductors ( Figure 22D) . 107111 While RuRu¤ is an efficient homogeneous photocatalyst for visible-light CO 2 reduction, it does not work under the same reaction conditions due to its low photooxidation ability. 112 Li 2 LaTa 2 O 6 N alone also showed no activity because of the lack of an active site for CO 2 reduction. Importantly, the hybrid photocatalyst exhibited much higher photocatalytic performance than hybrids constructed with well-known 3D oxynitride perovskites (here CaTaO 2 N and LaTaON 2 ). Transient absorption spectroscopy indicated that Li 2 LaTa 2 O 6 N possesses lower density of mid-gap states that work as recombination centers of photogenerated electron/hole pairs, but a higher density of reactive electrons, as compared to CaTaO 2 N and LaTaON 2 . This should be responsible for the higher photocatalytic performance of this layered oxynitride.
Conclusion and Future Perspective
Metal oxide nanosheets designed as heterogeneous photocatalysts for water splitting have been highlighted, focusing on efforts made by the authors' groups over the past 10 years. Metal oxide nanosheets, such as Dion-Jacobson phase HCa 2 -Nb 3 O 10 , are highly active photocatalysts for H 2 evolution from aqueous methanol under band-gap irradiation. The sufficiently negative conduction band potential, high crystallinity, larger specific surface area and utilization of the interlayer space as reaction sites are important factors that lead to the high H 2 evolution activity of the nanosheets. By contrast, the O 2 evolution activity in the presence of IO 3 ¹ as a reversible electron acceptor was found to be largely insensitive to the physico- 113 In this case, the prolonged lifetime of photogenerated electrons and reinforced driving force for water oxidation, which are realized by electron doping, contribute to higher photocatalytic activities. This kind of electron doping (or defect-engineering) would be of interest for metal oxide nanosheets to further improve their photocatalytic activity.
Because metal oxide nanosheets are wide-gap semiconductors, most of them do not work under visible light. With modification by a suitable redox photosensitizer such as Ru(II) trisdiimine complexes, niobate nanoscrolls and nanosheets (further modified with Pt) become active for visible-light H 2 evolution from water containing EDTA as an electron donor. Some of them outperformed an analogous system that contained TiO 2 . The key to achieving efficient dye-sensitized H 2 evolution is to improve electron injection efficiency from the excited-state of the photosensitizer into nanosheet that has sufficiently negative conduction band potential for proton reduction. Mallouk et al. have applied dye-sensitized TiO 2 as the anode component of photoelectrochemical cells for visiblelight water splitting ( Figure 23) . 114, 115 Abe et al. constructed a Z-scheme overall water splitting system using Pt-intercalated K 4 Nb 6 O 17 sensitized by a coumarin dye for H 2 evolution, a WO 3 -based photocatalyst for O 2 evolution, and an I 3 ¹ /I ¹ redox couple. 116 The findings of the studies on nanosheets made by the authors' groups will give useful information for further development of these systems.
In contrast to the facile dye-sensitization approach, the development of a visible-light-absorbing undoped metal oxide nanosheet material remains a challenge, due primarily to the difficulty in synthesizing a stable host layered material that can undergo exfoliation. Nevertheless, recent development in synthetic solid-state chemistry may enable us to produce such a new material. This possibility is currently under investigation in our groups.
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